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Exposure of P. pdyrphczlum to a subthreshold challenge of Cd’+, which did not 
delay mitosis. elicited a protective response against a mitotic delay resulting from sub- 
sequent exposure to a suprathreshold challenge of Cd2+. Some characteristics of this protec- 
tive response are herein identified. The concentration of Cd2+ in the subthreshold challenge 
could be lowered to lo-” M and maintain complete protection against a suprathreshold 
challenge of 5 X IO-’ M Cd?+. A subthreshold challenge of lOed M provided full protection 
against a Cd?- concentration of 7 x IO- M. A subthreshold challenge of lo-” M Cd’+ could be 
placed anywhere in the cell cycle approaching but not abutting a suprathreshold challenge of 
5 X 10eJ M Cd’+ in late G, and still provide complete protection with the exception of one 
point in early S. At that point, 10.’ M Cdrf by itself was toxic to the cell: partial protection. 
however, developed. Other responses developed when metals were substituted for cad- 
mium. C@+ protected against exposure to HgY+ and NiY+ but potentiated exposures to Co’+, 
Cu”, PW’, or Zn’+. A curious observation is that exposure to Hg’+ and NiY+ protected against 
exposure to Cd+, while exposure to Co”, PbY+, or Zn’+ potentiated exposure to Cd’+. HgL+ 
and Ni’+ protected against reexposure to themselves. 
INTRODUCTION 
In an accompanying report (Chin et NI., 1978), a model was formulated to 
evaluate the effect of a subtoxic stressor upon the integrity of a cell, to determine 
if there is a threshold for stress. The model proposed that subthreshold challenge 
might alter the response of the cell to subsequent suprathreshold challenge. In 
testing the model, exposures to Cd”+ during the cell cycle were used as stressors, 
and delays in subsequent mitoses were taken as effects of the stressors upon the 
integrity of the cell. The validity of our model was substantiated: Exposure to lo--’ 
M Cd2+ for 30 min in early G, (0.45 cycle), a subthreshold challenge which did not 
delay mitosis, protected Physarum polyrphalum against a mitotic delay of 105 
min resulting from a suprathreshold challenge of 4 x lo-’ M Cd’+ for 30 min in late 
G, (0.75 cycle). 
This protective response is of interest because cadmium has only recently be- 
come an environmental pollutant of concern (Flick et al., 1971; Vallee and Ulmer, 
1972) as a consequence of industrial processing developed in the twentieth century 
(Page and Bingham, 1973). The extraction of this minor constituent from the 
earth’s crust, its concentration during fabrication, and its dissemination into the 
biosphere as finished products (electroplated materials, pigments, chemicals, al- 
loys, plastics) and as waste products-in short, the processing of cadmium- 
results in low-level exposures whose biological hazard has yet to be evaluated. 
Chronic exposures of populations to cadmium in industrial runoff have resulted in 
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disorders of epidemiologic proportions, as in Itai-itai outbreaks in Japan (Emmer- 
son, 1970). As early as 1938, Bulmer et al. reported that exposure of individuals to 
very high levels lead rapidly to death. Daily exposure to the low levels of cadmium 
found in an industrialized society may be more insidious, especially since cad- 
mium has been implicated in hypertension (Schroeder, 196.5), teratogenesis (Ferm 
and Carpenter, 1967: Ferm, 1972; Scharpf et (II., 1972), and carcinogenesis (Gunn 
et (II., 1963; Haddow et ~1.. 1964; Malcolm, 1972; Lucis et al., 1972). Although cell 
necrosis is a consequence of exposure to cadmium (Parizek and Zahor, 1956), the 
biochemical bases of cadmium toxicity remain to be identified. 
This paper reports some characteristics of a protective response to Cd”+: the 
amount of protection provided by a subthreshold exposure, the availability of the 
protective response through the cell cycle, the time required for protection to 
develop, and the consequences of substituting other metals for cadmium in the 
model. 
As we predicted in our model (Chin et ctl., 1978), potentiation as well as protec- 
tion are possible cellular responses to subtoxic environmental stress. Both are 
demonstrated in this paper. 
METHODS 
These procedures are summarized from the accompanying report of Chin et 01. 
(1978). 
Physanrm polycephcrlum, strain M,CV, was maintained in submerged culture at 
23°C. Plasmodia were established by fusing washed and starved microplasmodia 
for 4 hr. Mitoses were naturally synchronized after addition of growth medium. 
These studies were conducted between the first (MI) and second (MII) mitoses, 
which had a periodicity of 12 to 14 hr. Early prophase served as the end point to 
identify M. The length of the cell cycle, the timing of exposure, and the effect of 
exposure were determined by measuring the interval between MI and MII. 
Up to 16 replicate disks were excised from the growing edge of a 7-cm plas- 
modium with a 12-mm cork borer without loss of synchrony among disks (Chin et 
Cd., 1972). 
The organism was challenged by floating replicate disks in 20 ml of medium 
containing an appropriate concentration of metal ion. The challenge was termi- 
nated by lifting the disks from the exposure medium and washing them twice upon 
fresh medium. Incubation was continued on fresh medium. Replicate disks could 
be challenged repetitively within one cycle with appropriate controls for each 
combination of exposures. The response to a stressor was measured as a delay 
in the timing of mitosis compared to the timing in control replicates which were 
not challenged. Two replicate disks were tested in each exposure and duplicate 
disks usually reached MI1 within minutes of each other. A difference of 20 min 
between average MI1 times for control and exposed disks was considered signifi- 
cant: The timing of MI1 from the fastest (Time 0) to the slowest replicate disk for n 
= 8 replicate disks prepared 8 hr before MI1 fell within a range of 14 min, with x = 
5.13 t 4.94 min from and including Time 0; calculations for replicate disks pre- 
pared from other plasmodia were on the same order of magnitude (Chin c’t 01.. 
1972). 
The suitability of this model for studying cellular responses to single and multi- 
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ple stress lies in the ability to mark precisely exposure points within the cell cycle 
and to measure the effect of each exposure, singly and in combination, on prog- 
ress throughout the cycle. 
RESULTS 
The discovery of a protective response to cadmium in Physarurn (Chin rt (I/., 
1978) prompted us to inquire how low the subthreshold challenge could be de- 
pressed without loss of protection. In the absence of any information on this 
phenomenon, the approach was to start with a completely protected system and 
then to modify each parameter of that system one at a time. A subthreshold 
exposure of 30 min to lo--’ M Cd”+ at 0.45 cycle provided complete protection 
against a 30-min exposure to 5 x lo--’ M Cd”+ at 0.75 cycle, which when given 
alone delayed mitosis by 118 min. The subthreshold concentration could be re- 
duced to lo-” M and still maintain full protection against the 5 x 10-“~ exposure, a 
50-fold increase in Cd’+ concentration (Table I), but the protective response fell 
off when the subthreshold dose was further reduced to 5 x lo-” M Cd”+. When the 
suprathreshold challenge was increased, the upper limit for full protection pro- 
vided by IOF M Cd”+ was found to be 5 x lo--’ M Cd’+ (Expt 1, Table 2). As the 
suprathreshold dose was raised from 6 x IO--’ to 10 x lo-’ -M, protection again fell 
off. Raising the subthreshold challenge to IOV M only increased the limit of full 
protection slightly, by less than one order of magnitude (Expt 2, Table 2). 
The availability of the protective response throughout the cell cycle was tested 
by maintaining the suprathreshold challenge in late G, (following MI) and applying 
the subthreshold challenge at regular intervals, starting at MI and encroaching 
upon the suprathreshold challenge. Protection was available throughout the great- 
er part of the cell cycle (Table 3). Loss of full protection, however, occurred 
when the subthreshold challenge was applied in early S (0.16 cycle) (Expt I, Table 
3). In this instance, the supposed subthreshold challenge actually caused a mitotic 
delay of 130 min, which is probably a reflection of the increased sensitivity to 
cadmium during this period in the cell cycle (Chin rt crl., 1978). Loss of full 
TABLE 1 
THE EFFECT OF DELREASING SLXTHRESHOLD CHALLENGES ON THE PKOI-K’IIVE RESPONSE” 
Exposure to Cd”+ Average MI1 delay 
At 0.45 cycle At 0.75 cycle (min) 
- - 
5 Y lo- hf 118 
10-A ?A 5 x 10-J A4 5 
5 x 10-5 RI 5 Y 10-J M -5 
to- M 5 x lo-’ &I 14 
5 x lo-” hl 5 x 1O-‘bl 88 
” Replicate disks from one plasmodium were exposed to a subthreshold dose of cadmium for 30 
min at 0.45 cycle and to a suprathreshold dose for 30 min at 0.75 cycle. Unexposed disks and disks 
exposed to only one of the two challenges were maintained as controls. All samples were done in 
duplicate: the timing of mitosis between duplicate disks was 30 min or less. The experiment was 
evaluated by measuring the effect of single and multiple exposures upon the timing of the following 
mitosis. MII. 
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TABLE 2 
THE UPPER LIMIT OF FULL PROI.LC.~I.ION PROVIDED BY SUB.I.HRESHOI.D CHALLENGES 
Exposure to Cdr+ Average MI1 delay 
Experiment No. 
1 




At 0.75 cycle (min) 
- - 
6 x IO- M 162 
8 x lo-‘M 169 
lo-” >1 19.5 
6 x IO-' M 41 
8 x lo- M 94 
lo-:J M 121 
2 - - 
6 x lo-‘ht 131 
8 x 10-a hf 163 
- 10-z M 169 
10-J M 6 x IO-' M 7 
10-I M 8 Y IO- M 23 
10-J M 10-X M 47 
” Replicate disks from one plasmodium were exposed to a subthreshold dose of cadmium ion for 30 
min at 0.45 cycle and to a suprathreshold doses for 30 min at 0.72 cycle. Unexposed disks and disks 
exposed to only one of the two challenges were maintained as controls. All samples were done in 
duplicate; the timing of mitosis between duplicate disks was 20 min or less. The experiments were 
evaluated by measuring the effect of single and multiple exposures upon the timing of the following 
mitosis. MB. 
protection was not as surprising as finding the cell “rescued” from the toxic 
effects of both exposures: The combination of exposures at 0.16 and 0.82 cycle 
provided partial protection with a resultant mitotic delay (80 min) that was less 
than the mitotic delay from either exposure alone (130 and 158 min, respectively). 
This rescue phenomenon was complete when exposures were combined at 0.06 
and 0.82 cycle (Expt 1, Table 3): full protection developed against individual 
mitotic delays of 122 and 158 min, respectively. 
When the subthreshold challenge was maintained at 0.45 cycle but the sup- 
rathreshold challenge was advanced, full protection was lost (Table 4). Apparently 
some finite period of time, - 30 min. must intervene between challenges for 
complete protection to develop. 
Specificity for cadmium in the protective response was tested next. Rather than 
to develop sensitivity profiles and dose-response curves for other divalent metal 
cations of current interest (Co, Cu, Fe, Hg, Mn, Pb, and Zn), we tested each metal 
directly in the biological assay under the conditions developed for cadmium. 
Exposures to 5 x lop4 M concentration of other metal ions except Hg”+ at 0.75 
cycle were below the threshold for mitotic delay (Table 5). Adjustments in ion 
concentration were necessary to induce suitable delays with a single challenge. 
and some, approaching 10pz M, were still not effective. At 0.45 cycle a sub- 
threshold Cd’+ challenge was tested for its ability to protect the organism against 
other metal ions at concentrations up to lo-? M at 0.75 cycle (Table 5). Cadmium 
protected against two other metals, Hg”+ and Ni2+. Furthermore, as we predicted 
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TABLE 3 
THE AVAILABILI I Y OF ‘I HE PRO I ECTIVE RESPONSE IN THE CELL CYCLE” 
Experiment No. 
Exposure to Cd2+ Average MI1 delay 



















































” Replicate disks were exposed to selected concentrations of cadmium ion for 30 min at regular 
intervals through the cel1 cycle. For convenience. this analysis was performed in three parts (Expts 
l-3). Unexposed disks and disks exposed to only one of the two challenges were maintained as con- 
trols. All samples were done in duplicate: the timing of mitosis between duplicate disks was 20 min or 
less. The experiments were evaluated by measuring the effect of single and multiple exposures upon 
the timing of the following mitosis, MII. 
in our model for accommodation (Chin et al., 1978), other responses to the sub- 
threshold challenge were observed. Accommodations to mixed challenges (Table 
5) were separated into three groups: (I) potentiation, in which the double chal- 
lenge response was a delay greater than the sum of the single challenge delays, 
e.g., Coz+, Cu2+, Pb”+, and Zn’+; (2) protection, in which the double challenge 
response was a delay less than the sum of single challenge delays, e.g., Cd’+, 
Hg2+, and Ni2+; and (3) no response, in which the double challenge response was a 
delay equal to the sum of the single challenge delays, e.g., with Fe”+ and Mn’+. 
More work is needed to determine whether changes in Fe’+ and Mn’+ levels and in 
other ions as well will result in redistributions within these three groups. 
When the sequence of mixed exposures was reversed (Table 6). i.e., low levels 
of selected metal ions (lo-“M) at 0.45 cycle preceded suprathreshold doses (5 X 
~O--‘M) of cadmium at 0.75 cycle, almost identical groupings of divalent cations 
were found: (1) Co2+, Cu’+, Pb2+, and Zn”+ again comprised the potentiating 
group: (2) Cd”+ and Hg”+ were the protecting group; and (3) Fe?+ and Mn’+ were 
the group without response. At 10e5 M. Ni’+ was in the last group. Since cadmium 
provided some protection against nickel (Table 5), an experiment was undertaken 
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TABLE 4 
TI~X COURSE FOR DEVFLOPMENT OF THE PROTECIIVL R~sro~sr;: THF EFFECT OF ADVANCING 1 it 
SUPRATHRESHOLD (LATE) CHALLENGF TOWARD IHL: SUBTHRESHOLD (EARLY CHALLESC,~)” 
Exposure to Cd’+ Average MI1 delay 
10-A kl 5 x 10-1 >I (min) 
0.45 cycle 2 
- 0.50 cycle 113 
0.60 cycle 134 
0.75 cycle 171 
0.45 cycle 0.50 cycle 66 
0.45 cycle 0.60 cycle -17 
0.45 cycle 0.75 cycle I2 
” Replicate disks from one plasmodium were exposed to a subthreshold challenge of cadmium at 
0.45 cycle and then reexposed to a suprathreshold challenge of cadmium at discrete intervals. Un- 
exposed disks and disks exposed to only one of the two challenges were maintained as controls. All 
“samples were done in duplicate: the timing of mitosis between duplicate disks was 20 min or less. The 
experiment was evaluated by measuring the effect of single and multiple exposure upon the timing of 
the following mitosis, MII. 
to determine if some subthreshold exposure to nickel early in the cell cycle would 
also protect against a suprathreshold dose of cadmium later in the cell cycle. 
Exposure to 6 x lo-” M Ni”+ at 0.45 cycle resulted in partial protection against a 5 
x lo--’ M Cd”+ dose at 0.75 cycle (Table 6); nickel was reassigned to the protective 
group. Carrying this approach one step further, an exposure to 6 x lo-” M Ni”+ at 
0.45 cycle protected against lo-” M NP at 0.75 cycle (Expt 1, Table 7). Similarly, 
Average MI1 delay 
(min) 
Early dose at 
0.4.5 cycle 
Late dose at Early dose Late dose Multiple 
0.75 cycle alone alone challenge Type of response 
IO- \, Cd’+ 
IO-’ \I Cd’+ 
IO ’ M Cd?’ 
lOm4 M Cd’ i 
IO-’ >I Cd’+ 
10-l 5, Cd’- 
IO-’ ~1 Cd” 
IO-’ >I Cd” 
8 x lO-:1 M Co” 0 6 
6 x IO-” .ZI Cu- 7 7 
5 x IO-: M Pb’+ 0 6 
10-z \, &pi 5 I8 
5 x IO i 5, Hg” 3 263 
I@ :\f Ni’+ 2 169 
5 Y IO-:’ hf Fe’+ 2 2 













” Replicate disks were exposed to IO-’ hr Cd”+ at 0.45 cycle and then to selected concentrations of 
other divalent cations at 0.75 cycle. The protocol was similar to those described in Tables I through 
4. More than one plasmodium was necessary to cover the number of cations tested, and the data 
were summarized. 
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TABLE 6 
THE EXPEKIMEW~AL MODEL WII‘H.A SUBTHRESHOLD CHALLLNGE OF A DIVALENT C.ATION IS THF 
EARLY POSITION .ASD A SUPRA-I-HRESHOLD CHALI,F.NGE OF CADMIUM IN IHE LATE POSITION" 
Average MI1 delay 
(mm) 
Eariy dose at Late dose at Early dose Late dose Multiple 
0.45 cycle 0.75 cycle alone alone challenge Type of response 
10-Z M co’+ 
*o-.7 \(  (-“3 
,o-” M pb’+ 
,o-” M zn2+ 
,o-’ M ffg’* 
6 x IO-” M NC’- 
,@’ M Fe’+ 
,O-.; lL, M,,‘+ 
lo-” ,~ Ni.3 
5 x IO-’ M Cd” 12 
5 x lo-’ M Cd” 0 
5 x IO-’ h, Cd’* 6 
5 x IO-’ M Cd’+ 9 
5 x IO- M Cd’+ 26 
5 x IO-’ M Cd’+ 5 
5 x IO- M Cd’+ 0 
5 x 1O-4 M Cd” 7 
5 x IO--1 M cd”+ 0 
161 >?I0 Potentiation 
161 >?lO Potentiation 
86 123 Potentiation 







103 82 No response 
103 86 No response 
161 159 No response 
” Replicate disks were exposed to selected concentrations of divalent cations at 0.45 cycle and then 
to 5 x IO-’ )vf Cd” at 0.75 cycle. The protocol was similar to those described in Tables 1 through 4. 
More than one plasmodium was necessary to cover the number of cations tested, and the data were 
summarized. 
lo-” M Hg’+ at 0.45 cycle protected against 3 x lo-” M Hg’+ at 0.75 cycle (Expt 2, 
Table 7). Finally, since Parizek (1957) has shown that Zn”+ protects against Cd2+ 
in the rat, a concurrent exposure at 0.75 cycle to lo-” M Zn’+ and 5 X 1Om1 M Cd’+ 
was tested. Zinc did not protect against Cd”+ (Expt 3, Table 7) in Physcrrrrm. 
DISCUSSION 
Accommodation to cadmium has been previously reported in rats. Subcutane- 
ous injection of 0.03 mmole of Cdz+/300 g animal produces microscopic testicular 
lesions in 2 to 4 hr (Parizek and Zahor, 1956). Gunn et ul. (1966a) found that 
animals are resistant to a second dose given 8 to 20 months later. In whole 
animals, protection against cadmium poisoning is thought to result from sequester- 
ing of cadmium by metallothionein, a low molecular weight (- lO.OOO), SH-rich 
protein, as described by Margoshes and Vallee (1957). Experimentally, rats are 
protected by Zn2+ concentrations 80 to 200 times higher than Cd2+ when adminis- 
tered in three portions: 5 hr prior to, simultaneously with, and 19 hr after an initial 
dose of cadmium (Parizek, 1957). Protection against cadmium toxicity in the rat is 
also provided by thiol compounds (Gunn et al., 1966b), estrogens (Gunn ef al.. 
1965). cobalt (Gunn et rrl., 1968), and selenium (Kar et al., 1960: Mason and 
Young, 1967: Gunn and Gould, 1967). Whether or not protection against cadmium 
toxicity at the single cell level, as in Physnrurn, and at multicellular levels, as in 
the rat, reflects the same phenomenon remains to be seen. 
The protective response in Physarrrnl differs from that of the rat in at least three 
characteristics: (1) Earlier exposure to Co”+ or Zn”+ antagonizes the reaction to 
later exposure to Cd’+ (Table 6); (2) concurrent exposure to Zn”+ does not protect 
against Cd”+ (Expt 3. Table 7); and (3) cell extracts prepared when the protective 
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response is fully developed do not contain a low molecular weight, ‘““Cd-binding 
protein (metallothionein) when analyzed by gel filtration (Lesowitz and Mitra, 
unpublished data). 
As an experimental system for the study of biological accommodation, 
Physnrum offers advantages of simplicity, speed, and sensitivity. Targets for 
cadmium toxicity can be identified at the cellular level, and studies can be con- 
ducted in hours, within the time span of the cell cycle. The sensitivity of the 
system is greater than we had thought, since full protection was elicited by a 
challenge one order of magnitude lower (lOms) than the subthreshold challenge 
previously used (Chin rr nl., 1978). 
The protective response is not restricted to challenges at 0.45 and 0.75 cycle, as 
might be expected from changes in metabolic activities which occur as the cell 
progresses through the cell cycle (Mitchison, 1971) but is available during the first 
three quarters, if not all, of the cycle (Table 3). Protection falls off when the two 
challenges encroach upon each other, implying that some interval of time (- 30 
min) is necessary for the protective response to develop fully (Table 4). Rescue is 
worthy of special note: When the cell is exposed to lop4 M Cd2+ at 0.06, 0.16, and 
0.27 cycle, the respective mitotic delays are 122, 130, and 0 min. Replicate disks 
from the same plasmodia exposed to 5 x 1OF’ M CdZ+ at 0.82 cycle are delayed by 
158 min. When these early challenges and the late exposure are combined in single 
replicate disks, the respective mitotic delays are 11. 80, and 16 min. Multiple 
challenges in these configurations result in protection, total or in part, of the 
mitotic delays brought on by each challenge singly (Expt 1. Table 3). It is as if the 
early challenge induced a mitotic delay of its own and stimulated the protective 
response against the later challenge and that the later challenge somehow rescued 
the cell from the mitotic delay initiated by the early challenge. We do not profess 
to understand these curious observations at this time. The sensitivity to cadmium 
at 0.06 and 0.16 cycle are coincident with the S period (Chin et [I/., 1978; Nygaard 
et nl., 1960), and the resulting mitotic delay may reflect some interference with 
DNA synthesis (Sachsenmaier and Rusch, 1964). Springgate et al. (1973) have 
demonstrated that DNA polymerase I is a zinc-containing enzyme and that re- 
placement of Zr?+ by Cd’+ results in loss of enzyme activity. These observations 
have prompted an inquiry on our part into the effect of cadmium on DNA synth- 
esis and other cellular events associated with the S period of the cell cycle as well 
as a continuation of studies on the effect of cadmium upon the rest of the cycle. 
Our model of accommodation was conceived to study the effect of low-level 
(subthreshold) exposures upon the integrity of the cell. We have achieved some 
initial success toward our long-range goal, which is to determine how a cell re- 
sponds to a multiplicity of low-level stressors. In Physatwm, a subthreshold expo- 
sure to cadmium elicits a protective response against a suprathreshold exposure to 
cadmium. This situation is complicated when types of exposures are mixed: all 
three possible responses of our model (Chin et al., 1978) are realized: protection, 
potentiation, and no response. The validity of the model is reaffirmed. The combi- 
nations of metals tested in this report reflect a simple initial approach and are far 
from exhaustive in concentrations that could be tested. Even so, the results of 
mixed exposures early and late in the cell cycle suggest that the constancy of 
groupings is more than coincidental (Tables 5 and 6). 
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This study has shown, as Dinman suggested in 1972, that the concept of the 
threshold, at least in Physarur~z, is not a simple one. Seemingly innocuous sub- 
threshold challenges affect the integrity of the organism, the manner in which 
Ph~scrr-urn handles a stressor being dependent upon its prior history of exposures 
as well as upon the nature of the immediate agent and its concentration. 
Whether protection and potentiation by subthreshold challenge are available in 
more developed mammalian (including human) cells is of immediate interest to us. 
If so, in regard to setting standards for environmental pollutants, protection or 
potentiation will point to the need for consideration of stressors to which an 
organism is likely to have been or will be exposed. Since the prospect of studying 
all combinations of stressors in the biosphere looms as a formidable task, a more 
reasonable approach would be to identify-and to exploit-these cellular proces- 
ses involved in accommodation. 
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